Chlorine dioxide (ClO 2 ) is an effective drinking water disinfectant, but sodium chlorate (NaClO 3 ) has been identi ed as a potentially harmful disinfection by-product . Studies were performed to describe the developmen t of thyroid lesions in animals exposed to NaClO 3 in the drinking water. Male and female F344 rats and B6C3F 1 mice were exposed to 0, 0.125, 0.25, 0.5, 1.0, or 2.0 g/L NaClO 3 for 21 days. Additional male F344 rats were exposed to 0, 0.001, 0.01, 0.1, 1.0, or 2.0 g/L NaClO 3 for 90 days. Female F344 rats were exposed to 0, 0.5, 1.0, 2.0, 4.0, or 6.0 g/L of NaClO 3 for 105 days. Thyroid tissues were processed by routine methods for light microscopi c examination, and follicular cell hyperplasia was diagnosed using a novel method. Thyroid hormone levels were altered signi cantly after 4 and 21 days. NaClO 3 treatment induced a concentration-dependen t increase in the incidence and severity of thyroid follicular cell hyperplasia. Male rats are more sensitive to the effects of NaClO 3 treatment than females. Follicular cell hyperplasi a was not present in male or female B6C3F 1 mice. These data can be used to estimate the human health risk that would be associated with using ClO 2 , rather than chlorine, to disinfect drinking water.
INTRODUCTION
Under the Safe Drinking Water Act of 1996, the US Environmental Protection Agency (EPA) is mandated by Congress to ensure the quality of drinking water in the United States by setting standards for the control of pathogens and disinfection by-products (DBPs). Special emphasis has been placed on the toxicity and carcinogenicity of chlorine disinfection by-products. Chlorination is the most common water disinfection method in the United States, but a variety of carcinogenic compounds including the trihalomethanes (THMs) and the haloacetic acids are formed when humic material reacts with chlorine. Alternative disinfection methods have been utilized to limit the production of these potentially harmful DBPs. Chlorine dioxide (ClO 2 ) is more effective than chlorine for killing most microorganisms, produces fewer chlorinated by-products, and does not produce signi cant levels of THMs (38) . However, compounds such as sodium chlorate (NaClO 3 ) have been identi ed as by-products from ClO 2 disinfection. NaClO 3 may be formed by inef cient ClO 2 generation or as a result of the reaction between residual chlorite in nished water and free chlorine in the distribution system (13) . Chlorate may be found at levels as high as 2.0 mg/L in nished drinking water (22) . Commercially, NaClO 3 is used as an oxidizing agent in the tanning and leather industry, in the manufacture of dyes, explosives, and matches, and as a herbicide (31) .
The toxicity data for NaClO 3 are limited and come primarily from subchronic studies involving administration of chlorate to rats and mice orally, either by gavage, or in the drinking water. Most of the potential adverse health effects of NaClO 3 exposure are associated with blood oxidation including increased methemoglobin formation, decreased hematocrit, red blood cell (RBC) membrane damage, and reduction in RBC glutathione levels (1, 2, 6, 19, 45) . Other subchronic toxicity tests have identi ed the rat thyroid as the primary target organ. Bercz et al (4) reported a concentration-dependent decrease in thyroxine (T 4 ) levels in African green monkeys exposed to ClO 2 in drinking water. A statistically signi cant decrease in T 4 levels occurred after 4 weeks of exposure to 0.1 g/L (9 mg/kg/day) ClO 2 , but changes in T 4 levels did not occur when the animals were exposed to 0.4 g/L (60 mg/kg/day) of NaClO 3 .
More recently, McCauley et al (31) conducted a subchronic (90-day) study on NaClO 3 in male and female Sprague-Dawley rats. Animals were exposed to 250, 1,001, 250 0192-6233/01$3.00 $0.00 TABLE 1.-Experimental study design to characterize the developmen t of thyroid lesions in rodents exposed to NaClO 3 in the drinking water. Length in the drinking water resulting in doses of 30-512 mg/kg/day for males and 42-801 mg/kg/day for females. There were no compound-related deaths, but males and females in the high exposure groups had signi cant weight loss. Pituitary gland vacuolization and thyroid gland colloid depletion were present in both sexes, suggesting impaired physiologica l function of these endocrine glands. The incidence and severity of thyroid colloid depletion was greatest in rats in the midand high-dose treatment groups. A "no observed adverse effect level" (NOAEL) of 30 mg/kg/day and 42 mg/kg/day was established in male and female Sprague-Dawley rats, respectively. Chronic toxicity results have not been reported to date, but one study is in progress. Concern about the acute toxicity of NaClO 3 to humans stemmed from reports of fatality or illness resulting from accidental or intentional ingestion of large amounts of herbicides containing NaClO 3 (18, 43, 45) . Reported effects of NaClO 3 poisoning in humans include cyanosis, methemoglobinemia, renal failure, and renal congestion. Human epidemiology studies investigating doses of NaClO 3 more relevant to those found in drinking water have not identied any signi cant exposure related effects (27) (28) (29) (30) 33) . A prospective epidemiology study was conducted on 197 volunteers during a 12-week period when the primary water disinfectant in the community was changed from chlorine to ClO 2 . Total concentrations of ClO 2 , chlorite, and chlorate averaged 5-7 mg/L (33), and NaClO 3 exposure was estimated to be 0.010 to 0.032 mg/kg/day (45) . Thyroid function, as measured by serum T 4 levels, did not appear to be altered in the human population (4). ClO 2 and its by-products were also administered to normal healthy adult male volunteers in controlled clinical studies to determine the physiologica l effects of chronic ingestion of these compounds (29) . Water disinfectant solutions containing 5 mg/L NaClO 3 were administered daily (500 ml, 5 ppm) for 12 weeks to 60 volunteers, and various biochemical and physiological parameters were evaluated including serum chemistry, blood counts, and thyroid function. No clinically signi cant physiological effects accompanied the chronic administration of chlorate at concentrations as high as 24 mg/L.
Because the limited toxicity data for NaClO 3 suggests induction of a thyroid effect, the present studies were performed to describe the concentration-dependent development of thyroid lesions in rodents exposed to NaClO 3 in the drinking water at concentrations relevant to human exposure. Using a novel method for diagnosing thyroid follicular cell hyperplasia described in this study, it was possible to de ne more clearly the shape of the dose-response curve at the highest doses of NaClO 3 exposure.
MATERIALS AND METHODS
Animal Dosing. Thyroid tissues from four studies described in Table 1 were evaluated to characterize the development of thyroid lesions in rodents exposed to NaClO 3 in the drinking water. A detailed presentation of the NTP studies (1 and 2, Table 1 ) will be presented in a subsequent report. Male and female Fischer-344 (F344) rats and B6C3F 1 mice were exposed to drinking water solutions containing 0, 0.125, 0.25, 0.5, 1.0, or 2.0 g/L sodium chlorate for 21 days. Animals were obtained from Taconic Farms (Germantown, NY), were acclimated to the environment for 1 week and then assigned randomly to treatment groups of 10 animals/ sex/specie. Male mice were housed individually and rats and female mice were housed 5 per cage.
For the EPA studies (3 and 4, Table 1 ), sodium chlorate (NaClO 3 ; > 99%, CAS 7775-09-9; Aldrich Chemical Co, Milwaukee, WI) was dissolved in deionized water and was administered to male F344 rats and female F344 rats and B6C3F 1 mice as the sole water source for 90 days or 105 days, respectively. A detailed presentation of the entire study will be published elsewhere (DeAngelo et al, in preparation). Brie y, animals (28-30 days old) were obtained from Charles River Breeding Laboratory (Raleigh, NC). Animals were acclimated to the environment for 1 week and then assigned randomly to treatment groups of 6 mice or 10 rats. The treatment rooms were maintained at 20-22 C and 40-60% humidity on a 12-hour light-dark cycle. Animals were housed 3-5 per cage on wood chips and provided food and drinking water solutions ad libitum. Drinking water solutions were changed every 5-7 days.
Pathology. Animals were observed daily and moribund animals were euthanized and necropsied. Animals were euthanized by CO 2 asphyxiation after 4-105 days of treatment with NaClO 3 . Prior to necropsy, a blood sample was collected from animals treated for 4, 21, or 90 days with NaClO 3 , and the serum was separated and frozen (NTP Study 2, Table 1 ). Complete necropsies were performed on all animals and tissues of interest were removed, examined macroscopically, and xed in 10% neutral buffered formalin. Fixed thyroid tissues were processed by routine methods to 5-l m paraf n sections and stained with hematoxylin and eosin for histological examination by light microscopy. All aspects of these studies were conducted in facilities certi ed by the American Association for the Accreditation of Laboratory Animal Care in compliance with the guidelines of that association.
Serum Chemistry. Total serum triiodothyronine (T 3 ) and thyroxine (T 4 ) concentrations from animals euthanized after 4, 21, or 90 days of study were determined by radioimmunoassay using a kit supplied by Diagnostic Products Corporation (Los Angeles, CA) according to manufacturer's instructions. Thyroid stimulating hormone (TSH) concentrations were measured by a double-antibody radioimmunoassay using species-speci c reagents obtained from the National Hormone and Pituitary Program (Harbor-UCLA Medical Center, Torrance, CA). T3 and T4 values were analyzed statistically by Dunnett's test with p < 0.05 considered signi cant. As the variance of TSH increased with the mean, a log transformation was used to stabilize the variance and then Dunnett's test was applied.
Histopathology. In this study, a novel method was established and utilized to diagnose thyroid follicular cell hyperplasia in animals treated with NaClO 3 in the drinking water. The thyroids were examined for the presence of colloid depletion, follicular cell hypertrophy, and follicular cell hyperplasia. Colloid depletion was diagnosed when there was either a reduction or absence of colloid in the follicular lumen or when there was pale, lacy, and/or granular material in the follicular lumen.
Follicular cell hypertrophy was considered present when thyroid follicles were uniformly lined by tall cuboidal to columnar epithelium. The cytoplasm was typically more basophilic than nonhypertrophi c cells and had a lacy, sometimes vacuolated, appearance. There was an increase in cytoplasm to nuclear ratio along with an increased cell width and height.
Follicular cell hyperplasia was evaluated using three separate but related factors-area of the thyroid affected, overall severity, and greatest severity-as follows:
Area of the thyroid affected: 1 1-10% of the follicles affected; 2 11-50%; 3 51-100%. Overall severity: The average severity of all of the affected follicles. Greatest severity: The severity grade given to the follicle with the greatest degree of follicular cell hyperplasia based on the following criteria: 0-Follicles lined by simple squamous to short cuboidal epithelium with eosinophilic cytoplasm and normochromic nuclei. 1-Scattered individual or two adjacent follicles that have focal hyperplasia characterized by multiple layers of cuboidal follicular epithelium, usually 2-3 cells thick, protruding into the lumen of the follicles. Two or more hyperplastic follicles needed to be present for this classi cation. Follicles on the peripheral rim of the thyroid gland section were not counted. 2-A greater number of scattered individual affected follicles or foci of more than 2 hyperplastic follicles, which were characterized by multiple layers of cuboidal follicular epithelium, usually more than 3 cell layers thick, protruding into the lumen of the follicles. Mild microfollicular formation could also be present within the follicles. 3-Complex papillary infolding or branching and prominent microfollicular formation.
These variables were analyzed statistically by a 1-sided Fisher's exact test (decreased colloid, incidence of follicular cell hyperplasia or hypertrophy) or by a 1-sided Wilcoxon rank-sum test (mean area affected or mean severity). p < 0.05 was considered signi cant.
The above method of diagnosis is more detailed than the method generally used (15) . Typically, thyroid follicular hyperplasia is classi ed as focal or diffuse. Focal hyperplasia is characterized by individual follicles that are often enlarged and lined by an increased number of attened or cuboidal epithelial cells that may form papillary infoldings or multiple epithelial cell layers. Diffuse hyperplasia generally involves the entire gland and results in enlargement of the thyroid gland. Diffuse hyperplasia is often accompanied by hypertrophy of the follicular epithelium with a change in the morphology of the epithelial cells from cuboidal to columnar. Follicular hyperplasia is usually graded for severity based on the percentage of the thyroid tissue involved and the morphological complexity of the follicular hyperplasia. This traditional method of diagnosis was not sensitive enough to differentiate a dose-response for this subtle lesion. Therefore, the overall severity and greatest severity parameters were also utilized in this study.
RESULTS

Serum Hormone Levels
Serum T 3 and T 4 levels decreased signi cantly and TSH levels increased signi cantly in male and female F344 rats after 4 days of treatment with 1.0 or 2.0 g/L NaClO 3 and after 21 days of treatment with 2.0 g/L NaClO 3 (Figures 1  and 2 ). TSH levels also increased signi cantly in male rats after 21 days of treatment with 1.0 g/L NaClO 3 . TSH levels were higher in males than in females after 21 days of treatment. Although serum T 3 and T 4 levels were not different from controls in male or female rats after 90 days, TSH levels were increased at 2.0 g/L NaClO 3 (Figures 1 and 2) .
Histopathology
Thyroid alterations were not present in male or female B6C3F 1 mice (data not shown). In the 21-day NTP rat study (Study 1, Table 1 ), thyroid alterations were initially diagnosed using the standard method described by Hardisty and Boorman (15) . Follicular cell hyperplasia was diagnosed as increased cellularity of the thyroid gland, depletion of colloid, and irregularities in the shape of the follicles including invaginations or protrusions of the epithelial layer. Follicular cell hyperplasia was graded for severity as either "minimal" or "mild" based on the percentage of the thyroid involved. Using this method, thyroid follicular cell hyperplasia and colloid depletion were not present in any male or female F344 rats following 21 days of treatment with 0 or 0.125 g/L NaClO 3 in the drinking water ( Table 2 ). Thyroid follicular cell hyperplasia and signi cant colloid depletion were present in all male and female F344 rats at 1.0 g/L or greater of NaClO 3 ( Table 2 ). In addition, the severity of the lesions was the same in males and females at 1.0 and 2.0 g/L NaClO 3 . In the present study, the thyroid lesions were diagnosed using the novel method described above. In contrast to the previous results, colloid depletion and hypertrophy were present in male and female rats treated with 0.125 g/L NaClO 3 (Tables 3 and 4 ). In males, the incidence and severity of thyroid alterations was greater at 1.0 g/L NaClO 3 than 2.0 g/L ( Table 3 ). In females, the incidence and severity of thyroid alterations was greater at 2.0 g/L NaClO 3 than 1.0 g/L ( Table 4 ). Thyroid follicles in control male and female F344 rats were lined by a single uniform layer of short cuboidal epithelial cells and contained abundant thyroglobulin colloid within the lumen (Figure 3) . In contrast, thyroids from animals treated with NaClO 3 in the drinking water had signicantly decreased colloid with some follicles containing pale, pink, lacy proteinaceous material. Other follicles were completely empty (Figure 4 ). The incidence of colloid depletion increased in a generally concentration-dependent manner in male and female F344 rats treated with NaClO 3 for 21 days (Tables 3 and 4 ). After 90 days, signi cant colloid depletion was diagnosed in most treated male F344 rats but the incidences were similar in all groups (Table 5 ). Colloid depletion was more signi cant in female rats treated with 1.0 or 2.0 g/L NaClO 3 for 21 days than for 105 days (Tables 4 and 6 ). Signi cant colloid depletion was diagnosed in female F344 rats treated for 105 days at NaClO 3 concentrations of 2.0 g/L or greater ( Table 6) .
Follicular cell hypertrophy was present in most male rats after 21 or 90 days of NaClO 3 exposure (Figure 4 , Tables 3  and 5 ) but the incidence did not increase in a concentrationdependent manner. The incidence of follicular cell hypertrophy was higher in female rats treated with 1.0 or 2.0 g/L NaClO 3 for 21 days than for 105 days. At 105 days, 6.0 g/L of NaClO 3 caused a signi cant increase in the incidence of follicular cell hypertrophy ( Table 6 ).
In general, the incidence and severity of thyroid follicular cell hyperplasia increased in a concentration-dependent manner in male F344 rats (Tables 3 and 5, Figure 5 ). Complex papillary infolding or branching (grade 3) was more frequent in thyroid tissue from male rats at the two highest concentrations of NaClO 3 (1.0 or 2.0 g/L). The area of the thyroid tissue affected in male rats also increased in a concentrationdependent manner following 90 days of treatment (Table 5 ). Signi cant colloid depletion and follicular cell hyperplasia were present in male rats at NaClO 3 concentrations of 0.5 g/L or greater after 21 days. After 90 days, signi cant follicular cell hyperplasia was present in male rats at NaClO 3 concentrations of 1.0 g/L or greater. The severity of thyroid follicular cell hyperplasia was greater in males than in females. Signi cant follicular cell hyperplasia was present in female rats at NaClO 3 concentrations of 1.0 g/L or greater after 21 days and at NaClO 3 concentrations of 2.0 g/L or greater after 105 days (Tables 4 and 6, Figure 6 ). DISCUSSION NaClO 3 treatment induced a concentration-dependent increase in the incidence and severity of thyroid follicular cell hyperplasia. Colloid depletion and hypertrophy were the most sensitive histopathologica l indicators of NaClO 3 exposure in male F344 rats at 21 and 90 days, although the hypertrophy response was variable when concentration dependency was evaluated. Male F344 rats were more sensitive to the effects of NaClO 3 treatment than female rats. Adult male rats typically have higher serum TSH levels than females and are often more sensitive to thyroid stimulatory agents (9) . The results of the pathology evaluation suggest that the concentrations of NaClO 3 administered in this study do not induce any signicant changes in the thyroid glands of male or female B6C3F 1 mice after 21 or 90 days of exposure.
In the 21-day NTP study, follicular cell hyperplasia was initially diagnosed with the method described by Hardisty and FIGURE 6.-Thyroid from a female F344 rat treated with 6.0 g/L sodium chlorate in the drinking water for 105 days. Colloid depletion, hypertrophy, and grade 2 hyperplasia are present. Follicular cell hyperplasia in adjacent follicles is characterized by masses of follicular epithelial cells lling the lumens (arrows).
100. 0/6 (0%) 0/6 (0%) 0/6 (0%) 0.00 0.00 0.00 0.00 0 0.5 6 0/6 (0%) 0/6 (0%) 0/6 (0%) 0.00 0.00 0.00 0.00 0 1.0 6 0/6 (0%) 0/6 (0%) 1/6 (17%) 0.17 0.17 0.17 0.17 1 2.0 6 5/6 (83%) 3/6 (50%) 6/6 (100%) 1.33 0.21 1.00 0.00 2 4.0 5 5/5 (100%) 2/5 (40%) 5/5 (100%) 1.00 0.00 1.40 0.24 2 6.0 6 6/6 (100%) 6/6 (100%) 6/6 (100%) 1.00 0.00 1.30 0. Boorman (15) . This analysis resulted in a similar incidence and severity of thyroid follicular cell hyperplasia in male and female rats treated with 1.0 or 2.0 g/L NaClO 3 ( Table 2 ). The method used to diagnose thyroid follicular cell hyperplasia in the present study allowed a more detailed determination of the shape of the dose-response curve at higher concentrations of NaClO 3 . For example, it was concluded that 2.0 g/L had a greater effect on the development of thyroid lesions than 1.0 g/L in female rats after 21 days. Furthermore, males were more sensitive than females to the effects of NaClO 3 at 21 days allowing a more accurate determination of the dose-response for each sex.
Signi cant changes in serum hormone levels were observed within a few days of exposure providing early evidence that NaClO 3 disrupts the hypothalamic-thyroid-pituitary axis. Bercz et al (4) reported that exposure of monkeys to ClO 2 , but not ClO 3 , resulted in decreased serum T 4 levels. In a subsequent study, Harrington, Shertzer, and Bercz (17) noted a decrease in T 4 levels in both rats and monkeys exposed to drinking water containing 0.1 g/L ClO 2 . Decreased T 4 levels are associated with increased binding of dietary iodide to gastrointestinal tissue and contents (5, 10, 16) . These observations led to the hypothesis that ClO 2 oxidizes iodine in food to a reactive species that binds to tissues of the digestive tract preventing absorption of dietary iodide. This effect produces a functional state of iodine de ciency that promotes increased iodide uptake by the thyroid.
Since thyroid hormone is critical to normal brain and physical development, a number of studies have addressed the neurodevelopmental effects of ClO 2 exposure. Decreases in serum T 4 levels were observed in rat pups exposed to ClO 2 indirectly through nursing females administered ClO 2 in the drinking water or directly by oral gavage (7, 34, 36, 42) . Alterations in brain development (decreased brain weight and cell number; 42) and behavior (delayed locomotor activity and decreased exploratory behavior; 34) were observed highlighting the impact of hypothyroidism on neurobehavioral development. At low doses, there will be minimal human exposure to ClO 2 because it is rapidly converted to chlorite ion, chlorate ion, or chloride ion. However, few studies have assessed the effects of NaClO 3 on these biological parameters. Decreases in serum hormone levels observed in the present study may suggest that NaClO 3 has the potential to induce acute detrimental neurodevelopmental effects.
Hormone and histological alterations may re ect a transient physiologica l response of the thyroid to exposure to NaClO 3 . Hormone levels may return to normal because of a homeostatic compensatory increase in cell proliferation with subsequent thyroid hormone production. Hood et al (20) have demonstrated that small increases in serum TSH (between 10 and 20 ng/ml) can be suf cient to stimulate thyroid cell proliferation and thyroid gland growth. In fact, several animals had enlarged thyroid glands at the 90-day NTP necropsy (data not shown) indicating increased cellular growth. However, thyroid follicular cell proliferation, measured by proliferating nuclear cell antigen immunoreactivity, was not elevated in male and female rats at 90 days (data not shown). These observations are consistent with other reports that demonstrate that maximal cell proliferation occurs 7 days after treatment with antithyroid agents. Increased cell proliferation is not sustained, but rather, returns to control levels by 90 days of treatment (21) . Interestingly, female rats appeared to be more sensitive to the effects of NaClO 3 exposure after 21 days than after 90 days. It is not known whether the histological effects of NaClO 3 are reversible following cessation of chemical exposure. Alternatively, the concentration-dependent increase in incidence and severity of thyroid follicular cell hyperplasia may indicate an increased likelihood of the lesions progressing to cancer. A 2-year NTP bioassay is in progress to determine the potential of NaClO 3 to induce thyroid tumors in laboratory animals.
Rodents and humans share qualitative similarities in the histopathology of thyroid lesions. However, rodents appear to be more sensitive to the development of thyroid tumors following exposure to chemical agents that cause disruption of the hypothalamic-thyroid-pituitary hormonal axis. The rat model is considered relevant, yet conservative, for human health risk assessment of potential thyroid neoplasia (46) . Risk assessment based on rat thyroid responses may overestimate the risk to humans because of species differences in thyroid physiology. The serum half-life of T 4 and T 3 is much shorter in rats (0.5-1 day, 0.25 day, respectively) than in humans (5-9 days, 1 day, respectively) (12, 26, 35) . Signi cant differences in the circulating half-life of the thyroid hormones are attributed to differences in plasma protein binding between the species. Rodents lack thyroxine-binding globulin, a high-af nity binding protein, making T 4 in these species more susceptible to removal from the blood by metabolism, and through excretion than in humans. Morphologic differences in thyroid structure are apparent and also contribute to the increased turnover of thyroid hormones in rodents compared to humans (32) . Thus, it appears that TSH continuously stimulates the rodent thyroid gland to compensate for the increased turnover of thyroid hormone. Therefore, the rodent thyroid may be more responsive to increases of TSH above basal levels. These slight increases can result in increased gland growth and progression to neoplasia. Nonetheless, EPA science policy states that adverse thyroid effects such as thyroid gland enlargement and the presence of proliferative lesions are presumed to pose a potential human health hazard (46) .
Chlorate is similar in structure to bromate and perchlorate, both are thyroid toxicants and chemical oxidants. Bromate is one of the most prevalent water disinfection byproducts associated with ozonation (8, 14) . Potassium bromate (KBrO 3 ) is carcinogenic in the rat thyroid producing thyroid follicular adenomas and carcinomas at water concentrations as low as 0.02 g/L (20 ppm; 1.5 mg/kg/day; 11, 47) . In contrast to animals treated with NaClO 3 , thyroid follicular cell hyperplasia was not a prominent nding in rats treated with KBrO 3 . The mechanism by which KBrO 3 induces thyroid tumors is not known but may involve a genotoxic mechanism through direct oxidant damage as KBrO 3 was found to be mutagenic in the Ames test and to cause chromosomal aberrations in Chinese hamsterbroblasts (23) . After 12 weeks (84 days) of treatment, serum T 3 concentrations were decreased in a treatment-dependent manner but serum T 4 concentrations were unaffected (47) . Serum TSH levels were not measured, so it is dif cult to ascertain from this study if KBrO 3 induces thyroid tumors by a nonhormonal mechanism. The development of tumors from chronic exposure to KBrO 3 in the drinking water is thought to result from oxidative DNA damage following bromate metabolism and subsequent lipid peroxidation (25, 39, 40, 44) .
Perchlorate (ClO 4 ) is an anion that originates as a contaminant in ground water and surface waters from the dissolution of its ammonium, potassium, magnesium, or sodium salt. The primary target tissue for perchlorate toxicity is the thyroid gland as indicated by perturbations of T 3 , T 4 , and TSH hormones and by thyroid histopathology. Benign tumors and follicular cell carcinomas have been reported in the thyroid of male Wistar rats and female BALB/c mice treated with repeated, high dose exposures (2 years at 1,339 and 46 weeks at 2,147 mg/kg/day, respectively) of potassium perchlorate in drinking water (24, 37) . The majority of human data are clinical reports of patients treated with potassium perchlorate for hyperthyroidism resulting from Graves disease, an autoimmune condition. The mode-of-action for perchlorate toxicity is the competitive inhibition of iodide anion uptake by the sodium-iodide symporter, a carrier protein responsible for the active transport of iodide across the basolateral membrane of the thyroid epithelial cells (48) . Thyroid hormone synthesis is inhibited resulting in deceased levels of T 3 and T 4 , increased TSH levels, and stimulation of thyroid cell proliferation. In addition, some data suggest that perchlorate causes a release of accumulated iodide from the gland (3, 41) . Similarities in thyroid histopathology between perchlorate and chlorate exposure suggest that chlorate may interfere with iodide uptake as well, resulting in stimulation of thyroid follicular cell proliferation mediated by TSH secondary to decreases in T 3 and T 4 . This hypothesis needs to be investigated to determine if the mechanism of chlorate-induced thyroid follicular cell hyperplasia is indeed the same as perchlorate. This is the rst report describing the concentrationdependent development of thyroid lesions in rodents exposed to NaClO 3 in the drinking water. The novel method established and utilized in this study to diagnose follicular cell hyperplasia provided a valuable tool to de ne more clearly the shape of the dose-response curve at the highest concentrations of NaClO 3 exposure. The speci c mechanism of NaClO 3induced thyroid follicular cell hyperplasia needs to be elucidated by identifying the key biochemical and molecular events that drive the development of these lesions in order to assess the potential risk to human populations.
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